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PREFACE

The objective of this program was to study the ability of

optical surfaces to reflect and, image X-rays, In any reflection

of X-rays some of the beam is scattered away from the image by

imperfections in the optical surfaces. If the mechanisms pro­

ducing this scattering could be understood and controlled, bet­

ter telescopes would result, An X-ray telescope mirror was

evaluated and the properties of twelve optical flat samples

were determined in the course of this program, The telescope

mirror showed considerable scattering of X-rays resulting in

very low telescope efficiency and poor imaging properties. The

optical flat tests indicated that the scattering of X-rays was

great at small angles, and decreased at larger angles of inci­

dence until a critical angle was reached, At larger angles

the scattering increased again. The phenomenon of X-ray scat­

tering should be investigated more thoroughly with respect to

angle of incidence, wavelength, polishing techniques, and

theoretical modeling.
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INTRODUCTION

In the visible light spectral region, astronomy can be done

with telescopes of high enough quality to be called "diffraction

limited". This term means that the images are limited in their

quality only by the diffraction of light in the telescope optics.

The same optical techniques have been applied to the making of

telescopes for the soft X-ray spectral region, and this has

resulted in a number of telescopes which are diffraction limited

in performance when visible light tests are made. It is not,

~ priori, obvious that these telescopes will be diffraction

limited when used in the soft X-ray spectral region. Indeed,

it has been shownl - 4 that the limiting factor in the performance

of these telescopes is the scattering of soft X-rays by the op­

tical surfaces.

One important point learned in previous tests of soft X-ray

telescopes is that the visible light tests do not predict the

performance in the soft X-ray spectral region. The manufactur­

ing techniques used were not sufficiently controlled to produce

a telescope giving predictable performance. For future X-ray

astronomy missions such as the HEAO, it is liuportant to choose

the optimum materials and manufacturing techniques to provide

higher quality, lower cost telescopes. This program has made

some of the required measurements and answered some questions

regarding materials. It has also produced some questions which

can only be answered by continued research into the problem.
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One part of this program involved testing of a soft X-ray

telescope in the same way that these telescopes were tested

1-3previously, These tests involved inserting the telescope

in a vacuum line and taking photographs of an X-ray source.

These photographs were then used to evaluate the performance of

the telescope mirror as a function of distance from the focal

plane and the angular distance off the telescope axis. A secon-

dary test was made in which a point source was used to study the

imaging characteristics by means of a pinhole and proportional

counter placed in the telescope focal plane.

The second part of this program involved measuring the

properties of an X-ray beam reflected by optical flat sanples

as a function of wavelength and angle of incidence, Measure-

ments of reflecting efficiency and scattering are required for

a large number of sample types, and these measurements can be

made at a much lower cost if optical flat samples are used.

Candidate materials and optical figuring processes can be quick-

ly evaluated in this way, and only the best surfaces used in

mirror construction. Ehrenberg5 and Elliott 6 presented an ana-

lytical model of a surface and made calculations of expected

scattering, They, along with Schroeder and Klimasewski7 , pre-

sented experimental data, but this was all obtained with systems

of low angular resolution and probably has little meaning in the

design of grazing incidence telescopes, In order to obtain data

-2-



which are suitable for application to grazing incidence mirror

construction, it is necessary to use a measurement system having

angular resolution of the order of telescope resolution - one

arc second or so. A total of one dozen optical flat samples

were tested in the course of this work.

-3-



EXPERIMENTAL PROGRAM

During the course of this program, the scattering of X-rays

by polished optical flats was measured for 12 samples, at two

a
wavelengths (8 and 44 A), and at four angles of incidence (0.5,

o0.92,2, and 4). A soft X-ray telescope was also tested by

taking photographs of X-ray sources and by scanning a pinhole

detector across the image of a point source. The products of

this program were the data recorded in the various tests. The

following paragraphs in this chapter describe these data.

Optical Flat Tests

The scattering of X-rays by polished optical flats was

measured by means of a special vacuum line which was approximate-

ly 36 feet long. This system will be described in more detail

in the New Technology section of this report. It was necessary

to use a chamber of this length in order to obtain the angular

resolution required for the tests. The arrangement of the test

was such that a monochromatic beam of X-rays was generated and

fell on an optical flat sample at a predetermined angle of in-

cidence. Then, the reflected beam of X-rays was scanned by a

detector at a large distance (17.2 ft.). In this way the quali-

ty of the reflected beam was determined with an angular resolu-

tion of the order of one arc second.

Two types of data were collected for each case. The first

was a scan of intensity values as a function of angle as the

-4-



detector was scanned across the reflected beamo Readings were

taken every arc second so that the detailed shape of the scat­

tering curve could be determined 0 These curves were expected

to be symmetrical, but the results indicated that they were

not always regular in shapeo These curves were used to find

the position of the peak reflected intensity, and the width of

this peak was interpreted as a characteristic of the sample.

The second type of data consisted of readings taken at nine

selected points (0, ±5, ±10, ±20, ±30 arc seconds) about the

peako These points were used in making calculations of the per­

centage of radiation scattered away from the main reflected beamo

Dgta Format

As defined in Figure 31 of this report, the entrance and

exit slit widths were initially set at 0002 inch and the sample

slit width was 0001 inch 0 This configuration was found to be

better than required with respect to resolution at small angles

of incidence, but produced a low intensity value in the detec­

tor. A wider slit configuration was then used in order to

achieve better counting statistics in a reasonable counting time

(100 sec) 0 This was 0002-inch-width at the entrance slit

(source), 0002-inch-width at the sample, and .004-inch-width at

the exit slit (detector) 0 The narrower slit spacings were all

used in the early measurements at small angles of incidence.
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Those data curves made using the small slit spacings (2, 1, 2)

were:

1-8-0.92,

3-8-0092,

6-8-005,

2-8-0.5,

4-8-0.5,

6-8-0092,

2-8-0.92,

5-8-0.5,

1-44-005,

3-8-0.5,

5-8-0.92,

and 2-44-0.5.

All other measurements were made using the wider (2, 2, 4)

spacings 0

From geometrical considerations, assuming no scattering,

the X-ray beam reflected from the sample should have a trapezoi­

dal intensity profile that has a four arc second FWHM in the

(2, 1, 2) case and an eight arc second FWHM in the (2, 2, 4)

case. The detector slit width broadens the effective beam

width by 2 and 4 arc seconds in the respective cases and changes

their shape so that the calculated curves should be triangular

with a four arc second FWHM in the (2, 1, 2) case and trapezoi­

dal with an eight arc second FWHM in the (2, 2, 4) case. The

1702 ft working distance was chosen so that one arc second was

equal to 0001 inch of linear motiono The value S was defined as

the difference between the observed curve width (FWHM) and the

calculated width (FWHM) based on geometrical considerations. Ne­

gative values of S are thought to be due to error in setting the

slits or in the motion of the system during the course of a run.

The error range in S is about +2 arc seconds. Calculated curves

have been drawn in on Figures 19b and 24b.
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As shown in the graphs in Figures 1 - 24, the negative

angles are in the direction away from the surface of the sample.

No systematic asymmetry was observed in the data because of the

change in angle of incidence. The failure of the nine points

data to be exactly symmetrical should be interpreted as an un­

certainty in the position of the detector. This positional un­

certainty in locating the peak was ±3 arc seconds, but the

relative locations of the nine points were uncertain by less

than +1 arc second.

Scattering Curves

Figures 1 through 24 show the relative intensity curves

obtained from the 61 point raw data. Each figure contains

four graphs - one each for each angle of incidence at one wave­

length for a single sample. Figures 1 through 12 are for the

8 ~ radiation and Figures 13 through 24 are for the 44 ~ radi­

ation. Each individual graph contains an identification number

in the upper right hand corner. The first number is the sample

number, the second is the wavelength of the radiation» and the

last number is the angle of incidence at which the sample was

positioned. Each graph also contains a value representative of

the scattering width in arc seconds, designated as S. This

value was defined as the difference between the observed curve

width (FWHM) and the calculated width (FWHM).
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The following summarized observations are made for various

samples which indicated obvious irregularities 0

Sample No.1 showed irregularities at the peak at 44 Xand

0092 0 and 200 0 with considerable deviations at 0.5 0 0 The curves

were wide at FWHM for 005 0 (1807 arc-sec) and extremely wide at

0092 0 (34.8 arc-sec)o At 8 Xand 00920 the left side of the

curve showed a slight bumpo Sample Noo 2 was very irregular as

o
well as being wide (2205 arc-sec) at 44 A and 005 0 0 The curves

o 0
for Sample Noo 4 showed highly irregular peaks at 8 A and 005

and 0092 0 (having widths of 2303 and 2504 arc-sec, respectively).

o 0
At 44 A and 0.92 the curve was very wide (3604 arc-sec) and

also irregular at the peako The curve for Sample Noo 5 at 8 X
and 2.00 indicated it was very irregular at the peak (width of

o 0
17.4 arc-sec) while at 44 A and 0.5 the peak was slightly ir-

regular with a slight peak on the right sideo Sample No.7 at
o

8 A and 0.5 0 showed an extreme irregularity at the peak (width

o 0
of 2709 arc-sec) while at 8 A and 2 the peak was not as bad

but showed a bump on the right side (width 27,6 arc-sec), At

o 0
44 A and 0.5 the peak was only slightly irregular.

Nine Points Data

The nine points data was processed so that tables showing

relative intensities could be prepared, The intensity values

at the nine points were defined as:
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1_4 Intensity at -30 arc seconds

1-3 Intensity at -20 arc seconds

1-2 Intensity at -10 arc seconds

I_I = Intensity at -5 arc seconds

10 = Intensity at the peak value

II = Intensity at +5 arc seconds

12
= Intensity at +10 arc seconds

13 = Intensity at +20 arc seconds

1
4

= Intensity at +30 arc seconds

The relative intensity RI was then defined as:

RIj = 1/10

This definition produced a set of relative numbers which would

then be compared with one another and these values are listed

in Tables 1 - 8.

The percent scattered, PS, was defined as:

PS =1 ~ Ij - ~ Iji/l~ Iji
j=-4 j--2 j=-4

This is then another number which can be used as an index of

sample performance in comparisons. These values of percent

scattered are tabulated in Table 10. The percent scattered

values were chosen almost arbitrarily, but do represent an

intensity that must come only from scattered radiation. They

provide a calculation method which is objective and does not

depend on experimental uncertainties in slit width. The method
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of adding the area under the curve is subject to large uncertain­

ties because of possible slit width errors.

Reflecting Efficiency Measurements

The efficiency of reflection can not be determined abso­

lutely with this measurement system because of variables in the

source geometry and the location of the secondary counter, These

factors cannot be controlled with sufficient accuracy to permit a

calibration by means of a known sample (if one exists), Perhaps

later measurements can be done in this way) but equipment modifi­

cations must be made first, The "efficiency factor") see Table 11,

is not an attempt at measuring reflecting efficiency) but) rather,

is used to normalize the data against fluctuations in source in­

tensity, The secondary detector records an intensity value (not

flux) simultaneously with that obtained in the primary detector,

The values recorded will vary as source output varies) but their

ratio will not vary (neglecting counting statistics). Thus) the

shape of the curves is not influenced by fluctuations in the

source intensity) but the absolute reflecting efficiency is not

measured, This number can be used, however, to give some insight

into the location of critical angles in reflecting efficiency.

For convenience in comparing the results) Tables 9) 10, and

11 contain compilations of the scattering widths, percent scat­

tered, and the efficiency factor) respectively.

-42-



W
AV

EL
EN

GT
H(

AN
GS

TR
OM

S)
8

44

AN
GL

E(
DE

GR
EE

S)
0

.5
0.

92
2 0

0
4.

0
0

.5
0.

92
2.

0
4.

0

SA
M

PL
E

SC
AT

TE
RI

NG
W

ID
TH

(A
RC

SE
C

.)

1
-0

.2
9.

4
-:l

,..
2

*
14

.7
26

.8
L

,5
0.

8

2
2.

5
9.

9
1

.2
*

18
.5

1
6

.4
0.

8
6

.3

3
3

.5
4

.3
-0

.4
*

10
.3

7
.1

4.
5

3
.3

4
19

.6
17

.4
10

.3
*

26
.3

28
.4

5
.1

50
6

• ~ IW
5

4
.5

4.
.6

9
.4

*
15

.·7
3

.9
0

.4
8

.4
•

6
4

.3
8.

8
-1

02
*

7
.4

4
.9

1
.5

2.
2

7
1

1
.4

4.
2

19
.6

*
7

.3
5

.2
2.

2
1

.7

8
4.

-5
4.

0
-1

.3
*

5.
8

2.
8

2.
6

4.
9

9
3

.5
-0

.2
-1

.5
*

2.
8

5
.3

2.
7

3.
8

7A
-1

.0
3.

1
1.

.8
*

29
.5

10
9

2.
3

1
.8

8E
-0

08
0

01
1

.0
*

5
.3

7
.0

0
.5

4.
6

9G
5

.7
50

l
4

.0
*

5
.6

2
.5

2.
3

0 0
8

NO
RE

FL
EC

TE
D

PE
AK

T
a
b

le
9

.
C

o
m

p
il

at
io

n
o

f
S

c
a
tt

e
ri

n
g

W
id

th
D

at
a



W
AV

EL
EN

GT
H

(A
N

G
ST

RO
M

S)
8

44

A
N

G
LE

(D
EG

R
EE

S)
0

.5
00

92
2

.0
4

.0
0

.5
00

92
20

0
4

.0

SA
M

PL
E

PE
RC

EN
T

SC
A

TT
ER

ED

1
1

0
.0

5
1

.9
0

2
.3

0
*

1
2

.4
9

3
1

.0
5

30
34

3
.2

6

2
50

75
1

.5
3

40
40

*
1

9
.8

5
2

6
.2

2
2

.4
8

2
.9

0

3
70

29
09

5
20

67
*

2
7

.5
8

1
5

.2
5

4
.0

8
3

.5
3

4
90

94
70

69
23

06
6

*
26

00
5

2
5

.0
0

9
.5

3
9

.2
6

5
2

.6
0

02
3

1
.7

7
*

17
05

7
1

3
.6

3
1

.9
3

30
25

I
6

1
.5

0
o

ll
1

.1
6

*
23

09
8

13
01

6
20

31
20

42
.p

-
.p

-
I

7
9

.1
0

3
.9

4
10

05
3

*
17

04
0

4
.2

7
30

90
30

94

8
6

.3
9

1
.8

1
1

1
.9

7
3

6
.2

2
8

.3
1

2
.8

9
2

.9
5

5
.7

0

9
1

7
.3

1
40

II
.7

9
*

12
05

8
30

83
2

.8
6

2
.8

2

7A
1

2
.4

7
10

28
1

.0
9

*
27

07
4

1
1

.1
1

30
09

4
.2

2

8B
80

33
1

.0
8

1
.6

1
*

1
6

.8
9

1
3

.7
9

3
.1

8
30

73

9G
13

01
9

2
.8

7
12

01
0

*
2

1
.5

2
1

2
.5

7
10

94
2

.0
2

*N
O

R
EF

LE
C

TE
D
P
~
~

T
a
b

le
10

-
C

o
m

p
il

a
ti

o
n

o
f

P
e
rc

e
n

t
S
c
a
t
t
e
~
e
d

D
a
ta



W
AV

EL
EN

GT
H(

AN
GS

TR
OM

S)
8

44

AN
GL

E
(D

EG
RE

ES
)

0
.5

0
.9

2
2

.0
4

.0
0

.5
0

.9
2

2
.0

4
.0

SA
M

PL
E

EF
FI

C
IE

N
C

Y
FA

CT
OR

1
.0

38
92

.0
73

57
.0

00
50

*
.0

16
00

.0
23

00
00

14
24

.0
07

45

2
.0

25
78

.0
27

73
.0

00
66

*
.0

05
14

.0
55

15
.0

13
96

.0
05

94

3
.0

31
26

.0
37

20
00

00
35

*
.3

78
34

.2
33

03
.0

06
00

.0
05

04

4
.0

23
10

.0
00

69
.0

00
18

*
.2

06
47

.0
52

65
.0

09
19

.0
03

16
• ~ 01

1
5

.0
17

83
.0

52
64

00
00

08
*

.0
36

16
.0

66
42

.0
14

78
.0

07
77

•

6
.0

27
50

.0
55

67
.0

00
10

*
.1

99
41

.0
91

98
.0

15
22

.0
05

18

7
.0

02
13

.0
03

65
.0

02
05

*
.0

31
48

.1
43

27
.0

16
55

.0
13

07

8
00

07
04

.0
03

67
.0

00
34

.0
00

05
.0

62
15

.2
52

02
.0

10
61

.0
03

58

9
.0

01
56

.0
05

91
.0

00
10

*
00

70
49

.0
42

46
.0

28
96

.0
05

45

7A
.0

02
82

.0
00

97
.0

00
69

*
.0

19
37

.0
87

10
.0

11
64

.0
05

86

8B
.0

19
00

.0
12

13
.0

00
56

*
.0

62
74

.0
31

28
.0

19
53

.0
06

16

9G
.0

01
06

.0
05

82
.0

00
03

*
.0

32
43

.0
49

96
.0

05
09

00
06

30

NO
RE

FL
EC

TE
D

PE
AK

T
a
b

le
1

1
.

C
o

m
p

il
a
ti

o
n

o
f

E
ff

ic
ie

n
c
y

F
a
c
to

rs



Statistical Considerations

There was no statistical requirement with respect to inten-

sity in the case of the 61 point scattering curves. These were

used to determine the location of the peak for the more accurate

nine points data. The time interval was fixed at 100 seconds,

and the number of counts collected in this period was used.

The intensity varied somewhat because of several factors, but

an average peak intensity was about 2500 counts with points away

from the peak proportionally lower.

The nine points data were taken so that the number of

counts at the peak was greater than 10,000 for one angle of

incidence. The other points for that sample at that wavelength

were then recorded for an equal amount of time, These times

ranged from 100 sec for some samples to 800 sec for others. The

times used in each case were:

Time for Nine Poiats Data
Sample 8 ~ 44 A

1 600 sec 800 sec
2 250 sec 300 sec
3 400 sec 100 sec
4 400 sec 300 sec
5 300 sec 400 sec
6 400 sec 200 sec
7 200 sec 200 sec
8 400 sec 100 sec
9 200 sec 400 sec
7A 500 sec 500 sec
8B 300 sec 400 sec
9G 200 sec 400 sec

The uncertainty in the values of percent scattered collected in

Table 10 is about ±0.2.
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Illuminated Area of Sample

The height of the beam is limited by the height of the

source which is small (approximately .010") and the height of

the entrance to the detector (~"). The height of the illuminate

area is about ~" since the shims were placed well outside this

limit and only those rays reflected at the right height to enter

the detector slit were counted. The width of the illuminated

area is given by the equation W = 2h/tan Q, where h is the slit

spacing at the sample and Q is the glancing angle of incidence.

For the experimental conditions then, the illuminated areas are

given by:
Width

Height = 0.25" e h = .001" h = .002"

0.50 W .229" W .458"

0.92 0 W .124" W = .249"

2.00 W= .057" W .114"

4.00 W = .029" W = .057"

The error in Q is +2 arc minutes.

Samples Used in Measurements

Twelve government furnished samples were tested in this

study. These were numbered 1, 2, 3, 4, 5, 6, 7, 8, 9, 7A, 8B,

and 9G. Samples 1, 2, and 3 were the first samples to be fur­

nished and they are metal - probably Kanigen coated aluminum.

Samples 4, 5, and 6 arrived in the second group. Number 4 was

a metal sample which was cleaned by Dr. Underwood and may have
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been damaged. Sample 5 was an amber colored glass of about one

inch thickness - probably Cer-Vit. Sample 6 was a clear glass of

about one inch thickness - the shipping container was labeled ULEo

Sample 7 was a small metal sample of l~ inches diameter which had

a mounting screw hole tapped in the rear face. Sample 8 was a

metal sample that had a protective coating on the surfaceo The

coating was removed, but a stain was evident on the surface of

the sampleo Sample 9 was an amber colored glass about ~ inch

thick - probably Cer-Vit alsoo Samples 7A, 8B, and 9G were

supplied by Po W. Sanford of UCL and were identified as A, B, and

G by himo The three were all metal sampleso We did not know the

details of manufacture or even the manufacturer of the samples in

order that there be no question about objectivityo

Some irregularities were observed in the physical appear­

ance of sampleso These were:

Sample Noo 1 - good polished surface, no irregularities.

Sample Noo 2 - good polished surface, no irregularities 0

Sample Noo 3 - Appeared to have surface pitso

Sample No. 4 - Appeared to have surface pits with a very slightly

discolored area (about ~ in. diao)o

Sample No. 5 - good polished surface, no irregularities.

Sample No. 6 - good polished surface, no irregularities 0

Sample No. 7 - Appeared to have surface pits.
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Sample No, 8 - sample discolored over most of surface, but

badly discolored over 1/3 area (looks like some

coating remained on),

Sample No, 9 - good polished surface, no irregularities.

Sample No. 7A - appeared to have surface pits,

Sample No. 8B - surface has milky film as if solvent used to

clean surface left some streaks.

Sample No. 9G - polished surface appeared to have some surface

pits,

Telescope Mirror Tests

A Kanigen coated beryllium mirror was tested in the long

vacuum line in the same way that three quartz mirrors had been

tested previously. This test produced results which were com­

pared with other performance data. Relative performance of this

mirror was substantially poorer than that of the other three

telescopes tested.

Resolution Studies

One X-ray source and one visible light source were used in

these tests. The visible light source made use of the filaments

of the X-ray source. A ground glass screen was placed between

the filaments and the resolution chart so as to diffuse the

light. The spectral content of the visible light source was

essentially continous tungsten radiation (white light). The
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o
8034 A aluminum source was essentially monochromatic with only

small contributions from 8 ~ K~ radiation and 6094 Xtungsten

radiation.

The X-ray photographs taken with the Kanigen coated bery1-

1ium mirror used a twelve-wire filament configuration which

produced uniform X-ray intensity in the source.

Three reso1utiou charts were used in these tests. A

Buckbee-Mears X-ray resolution chart was used for data runs 61-

65, 70, and 710 This chart had three bar sets of 5, 7.5, and

10 arc seconds angular resolution, Also placed on the chart

were three dots of 5, 2, 1 arc seconds angular extent, For

data runs 66-69, and 72, a set of three horizontal bars of

30 arc seconds angular resolution was used, For data run 73,

a chart consisting of one pinhole of 20 arc seconds angular re-

solution was usedo

Three types of film were used in these tests, Film type

80-212 was used for data runs 61-67, 71, and 73. This film was

developed in Kodak D-19 at 68°F for 8 minutes, washed in disti1-

led water for 30 seconds (to remove jet backing), stop bath was

for 30 seconds, and fixed in Kodak Rapid Fixer for 2~ minutes.

A 30-minute rinse was followed by a photo-flow solution and the

film was then dried. At the start of the 30-minute rinse, it

was necessary to apply light rubbing to the film to remove the

jet backing not removed during the 30 second wash in distilled
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water. Film type 103-0 was used for data run 68 and film type

103-AO was used for data runs 69, 70, and 72. Type 103-0 and

type 103-AO were developed in Kodak D-19 at 680 F for 5 minutes

and for 4 minutes, respectively, with the rest of the processing

being the same as for type 50-212. In spite of careful handling,

numerous flaws were present in the exposed film strips. This is

thought to be caused by the camera mechanism. The exposures

were cut and mounted in 2-inch by 2-inch slide holders to protec

the photographs. Each slide has a label giving the run and ex­

posure number, the wavelength, the relative distance, the azi­

muth angle ~, and the elevation angle e. When the slide is held

so that the label is in the left hand corner, the photograph has

the same orientation as if the observer were viewing the image

in a ground glass screen attached to the telescope.

The telescope assembly (Government furnished property) was

placed in the test chamber. The test chamber and 200-foot line

were evacuated. The pressure was reduced to 7.8 x 10-6 Torr

(average of 13 runs) as measured by an ion gauge which was placed

in close proximity to the 5056 beryllium mirror. Exposures of

the test pattern' (Buckbee-Mears, pinhole, or 30 arc-second bar

set) were then made using the camera which was provided with the

telescope assembly.

The graph shown in Figure 25 was obtained by visual inspec­

tion. All observers have commented on the subjectivity of the
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inspection technique which we.s a hand magnifier. From past ex-

perience with previous telescope test data (see references 1,

2, and 3), this method was found superior to other optical aids

in analyzing the test data.

For all the visible runs, the anode voltage and current

o
were zero. For the 8 A (aluminum) runs, the anode voltage was

6.0 KV and the anode current was 50 rna. All other pertinent

information concerning the exposures is given in Table 12.

Since many of the frames were under-exposed, only the exposures

that are readable are listed in Table 12.

Point Source Tests

One method of testing an X-ray telescope is to produce a

point source of X-rays and see how well the telescope recreates

the image of the source. By comparing the number of X-rays

counted at the center of the image to the number of X-rays

entering the telescope, the reflection efficiency can be ob-

tained. An indication of the telescope's scattering properties

can be obtained by measuring the X-radiation which is reflected

away from the main beam.

An arrangement having a 0.010" pinhole (- 28 arc-sec) was

positioned centrally in the focal plane fixture at the rear of

the telescope with a flow proportional counter placed behind the

pinhole. The pinhole arrangement could be positioned 10 arc
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minutes and 20 arc minutes off the telescope axis in the azimuth

(¢) direction, and could be moved forward from the focal plane

by a chain drive screw adjustment to 0.020" and 0.040". The

image was examined by sweeping the telescope in 0.25 arc minute

steps via step motors.

A point source was made up of an aluminum anode operated

at 6.0 KV and 50 rna with a 0.25" diameter pinhole in front of

the source. The telescope mode was no filter (blank on position

#4 of filter wheel) and open shutter. Gas flow proportional

counters were used to measure the incident X-ray intensity and

focused X-rays through the 0.010" pinhole. Both counters were

operated at 1400 V with a gain of 280 and a P-10 gas flow rate

of 0.075 SCFH. Both used 0.25-mi1-thick Mylar windows.

Data was acquired by sweeping the telescope through the

azimuth (~¢) and elevation (~8) directions with the pinhole si­

tuated in the center of the focal plane (at d=O, ¢=O, 8=0). The

telescope was then swept in an azimuth direction in one arc

minute steps (via the telescope platform step motors) while the

"elevation" and "d" value remained fixed. At each one arc

minute interval the values of the incident radiation and reflect­

ed radiation were recorded and plotted, as indicated in Figure 26.

This process was then repeated keeping the "azimuth" and "d"

value fixed and sweeping the elevation in one arc minute inter­

vals. When the position of the peak value of the reflected
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radiation was found, the sweeping procedure in azimuth and ele­

vation was repeated, this time in 0.25 arc minute intervals, to

provide a more absolute determination of the peak valueo The

focal plane fixture was then "defocused"by changing the "d"

values to -00020" and -0.040" and also placing rp to the 10' and

20' positions 0 In each case the sweeping process in elevation

and azimuth was made providing ten curves as given by Figures 26

through 30.

Table 13 summarizes the results obtained in these testso

The efficiency is computed by measuring the flux incident on the

telescope and comparing that with the intensity recorded behind

the pinhole. The efficiency represents the intensity from a

20 arc second source that is focused on a spot of 28 arc seconds

diameter. Both absorption in the mirror and scattering of in­

tensity away from the main beam will adversely affect the effici­

ency measured. The value, S, is defined here as the difference

between the observed peak width and the calculated width (0.8 arc

minute.) The widths in the elevation were different from those

in azimuth indicating 'non-symmetry in the images 0

Changes in the distance, d, seemed to have little effect on

either the efficiency or the width of the curveso This is pro­

bably due to the poor overall performance of the telescopeo In

going off-axis, however, the efficiency dropped rapidly by about

half at 20 arc minutes off axis, and the image began to

-60-
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elongate in the azimuth (radial) direction. These effects

were also noted in the photographs. The effect of the wings

must dominate the photographs since better resolutions were

attained in the pinhole images than in resolution chart photo-

graphs.

Table 13

Figure 26 27 28 29 30

d (j> • () O. O. 0 -0.02".0.0 -0.04".0.0 0 10 I. 0 O. 20 I. 0

Direc- 6() 6(j> 6() 6(j> 6() 6rb 6 () 6¢ 6,() 6(j>
tion

Effi- 0.063 0.060 0.063 0.061 0.060 0.064 0.045 0.04.9 0.029 00037
- ciency

in
, Percent

Is in 0.25 0.07 0.32 0.03 0.13 0.12 0.14 0.20 0.13 0.54
I
! Arc Min
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NEW TECHNOLOGY

In this section, a description will be given of the appara-

tus used for the X-ray scattering measurements. The vacuum

system consisted of three stainless steel chambers,each 24 inches

in diameter and 12 inches high. The three chambers were inter-

connected by 6 inch I.D. stainless steel tubing. The distance

between the center line of each chamber was 17.2 feet. The

middle chamber housed the sample and secondary detector with one

end chamber enclosing the X-ray source and the other end chamber

enclosing the detector used for measuring the reflected X-ray

beam. Each of the end chambers have their own pumping system

consisting of a mechanical pump used for either roughing down

the chambers and line or as a forepump for the 6 inch diffusion

pump. Above each diffusion pump is a cold trap which is filled

with liquid nitrogen to minimize any oil from backstreaming

into the main vacuum system. The experimental configuration

of the X-ray scattering measurement equipment is shown in

Figure 31.

Two X-ray sources were used in this test which were aluminum

o 0
(8.34 A) and carbon (44 A). Although there was some tungsten

deposited on the sources, single channel analyzers were used to

eliminate counting the higher energy X-rays produced by the

tungsten. For aluminum, the anode voltage was 3.5 KV and the

anode current was 20 - 30 rna; whereas for the carbon runs, the
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anode voltage was 1.4 KV and the anode current was 30 mao The

filament was essentially a line source which was 0005 inch di­

ameter tungsten wireo Directly in front of the source was a

.002 inch wide slit. The purpose of this slit and the slits at

the sample and detector were to yield a theoretical FWHM value

of the scattering curves which, when compared to the experime~a

FWHM value, would give a value of the amount of scattering pro­

duced by the surface imperfections of the sample.

In the middle chamber, 17.2 feet away from ~he source, the

sample was mounted in the sample holder. The sample holder had

a replaceable front mount which could hold either 2 inch or

1.5 inch diameter samples. The sample holder could be rotated

in either direction in one arc minute steps. The knife edge

spacing was achieved by placing shims between the sample and the

knife edge and then spring loading the sample in this position.

From geometrical considerations, the knife edge spacing at the

sample must be doubled to give the true theoretical value for

this spacing. A secondary detector or monitor detector was

placed adjacent to the sample holder. The purpose of this de­

tector was to monitor the direct beam from the X-ray source

so that any variations that occurred at the source could be

taken into account in the final analysis of the scattering data.

A beam stop with a one inch diameter hole was placed directly

in front of the sample between the sample and the detector end

-68-



of the system. The beam stop helped reduce the amount of X-rays

scattered from the chamber walls or X-rays from the direct beam

from reaching the primary detector.

In the end, chamber, 17.2 feet from the sample the primary

detector was placed on a mount that could be moved along a screw.

By proper choice of step motor, gears, and screw thread size,

the detector could be translated across the scattered X-ray beam

in 0.1 arc second intervals. The detector was a flow type pro-

portional counter with a replaceable window. When making the

o
8.34 A aluminum runs, the window in the detector was ~ mil alu-

minum. During the 44 R carbon runs, the ~ mil aluminum window

was replaced with a 2 micron thick Makrofol window supported by

nickel mesh. A .002 inch or .004 inch wide slit was placed

directly in front of the window of the detector.

Initially, the system was aligned by means of a laser so

that the angle of incidence between the sample and the X-ray

source was the proper value, in this case either 0.5 0
, 0.92 0

,

20 or 40
• After the sample and the primary detector were put

in position, the chamber was closed and the pressure reduced to

-6approximately 8 x 10 Torr. The high voltage for the X-ray

source was then turned on and the scattered X-ray beam was

located. After the peak of the scattered beam was located, the

primary detector was positioned +30 arc seconds from the peak.

A typical run consisted in translating the detector and slit



across the scattered X-ray beam in 1 arc second intervals and

counting for 100 seconds at each point from +30 arc seconds to

-30 arc seconds.

-70-



CONCLUSIONS

~e optical flat data can only be interpreted with a thorough

knowledge of the origin of the samples. We do not have this in-

formation. On the other hand, there are some general trends shown

by the data. They are:

1. The magnitude of scattering of X-rays was greater at

44 ~ than it was at 8 ~.

2. The scattering was large in magnitude at small angles

and decreased as the glancing angle of incidence in-

creased until the critical reflecting angle was passed.

The scattering increased again past this point. This

wa~ borne out by the values at 8 ~ where the optimum

glancing angle of incidence was 0.92 0
• Both 20 and 40

were more suitable glancing angles of incidence at

o
44 A.

3. The samples that show small amounts of scattering at

o 0
44 A did not necessarily work well at 8 A and converse-

ly.
o

The sample having the least scattering at 8 A was

o
number 6, and number 5 was a close second. At 44 A,

nine samples had small scattering values.

4. Performance of metal optical surfaces was comparable

o
with that of glass surfaces. At 8 A, the glass sur-

o
faces were superior) but at 44 A several metal surfaces

showed about the same scattering as glass.



The tests of the Kanigen coated telescope mirror were done

1-3
in the same way as previous tests so that comparisons with

the quartz telescope mirrors can be made. They are:

1. This telescope showed excessive scattering of X-rays

and the performance in all tests was substantially

poorer than that of the quartz mirrors. The angular

resolution in the photographs, the long exposure times

required, and the very low efficiency values all

consistently supported this conclusion.

2. The best photographic angular resolution attainable

with this telescope was of the order of 15 arc seconds.

3. The images showed some asymmetry with the azimuth

component of the image elongated relative to the ele-

vation component. This aS~lmetry increased off-axis.

4. The excessive scattering resulted in an overall

o
reflecting efficiency of .06% at 8 A. This is three

orders of magnitude less than expected.
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RECOMMENDATIONS

The following areas should be investigated in order to

better understand how to predict performance of future mirrors:

1 0 Additional optical flat samples should be tested in the

same way to investigate polishing techniques,

2. Orientation effects should be investigated by measure-

ment of the scattering of a sample(s) as it is turned

in the holder, The positions tested should be 0, 30,

60, 90, 120, and 150 degreeso

30 Repeatability of the curves should be investigated by

periodically measuring a sample under as nearly iden-

tical conditions as possible, The entire set-up

procedure should be required for this test. Effects

of sustained vacuum exposure of the samples should also

be investigated.

4. Models of surfaces should be investigated theoretically

and equations for these models should be derived. Pre-

dieted scattering values should be compared with calcu-

lated valueso
o

50 The angles of incidence at 8 A should be smaller in

( 0 0 0 00)magnitude eog" 0.5 , 0,92 , 1,5 ,2. 0

60 The number of wavelengths should be expanded substan-

tially in at least one case (eogo, 8,34, 909, 1303,
o

1706, 27.3,44, and 67 A).
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70 The angular dependence of scattering should be investi-

gated through the critical angle in small angular

intervals (eogo, 1 or 2 arc minutes). This can be done

very accurately if the vacuum is not brokeno The system

ohas a range of approximately 1 for this testo

8. Reflecting efficiency should be investigated for all

samples.

9. The Kanigen coated beryllium mirror should be repolished

and tested afterwardso

)



REFERENCES

1. R. So Wriston, Technical Report No. ED-2002-907-l, NASA
Contract NAS8-24000, September 1969, "S-056 Quartz Mirror
Test, Flight Optics B".

20 R. So Wriston, Technical Report No. ED-2002-907-2, NASA
Contract NAS8-24000, October 1969, "S-056 Quartz Mirror
Test, MSFC Mirror".

3. R. S. WRiston, Technical Report No. ED-2002-907-3, NASA
Contract NAS8-24000, February 1970, "W-056 Quartz Mirror
Test, Flight Optics A".

4. Private Discussions with Po Wo Sanford of UCL after Tests
of their OAO-C X-ray Telescopes at the Martin Marietta Test
Facility.

50 W. Ehrenberg, J. Opt. Soc. Am. 39, 746 (1949)0

60 S. B. Elliott, X-ray Optics and X-ray Microanalysis,
Ho H. Pattee, V. Eo Cosslett, and A. Engstrom, Ed: (Academic
Press, No Y., 1963), po 215.

70 J. Bo Schroeder and Ro Bo Klimasewski, Applo Opt. I, 1921
(1968) .

~75-


